Mixed lineage leukemia 5 (MLL5) is a versatile nuclear protein associated with many cellular events. We have shown previously that phosphorylation of MLL5 by Cdk1 is required for mitotic entry. In this paper, the function of MLL5 in mitotic regulation is further explored. SiRNA-mediated downregulation of MLL5 caused improper chromosome alignment at metaphase and resulted in failure of DNA segregation and cytokinesis. Mechanistic studies revealed that the chromosomal passenger complex (CPC), which plays a key role in chromosomal bi-orientation, was delocalized from the inner centromere region because of proteasome-mediated degradation in MLL5-depleted cells. Biochemical analyses further demonstrated that the central domain of MLL5 interacted with the C-terminus of Borealin, and the interaction is essential to maintain the stability of Borealin. Moreover, the mitotic defects in MLL5-depleted cells were rescued by overexpression of FLAG-MLL5, but not by a FLAG-MLL5 mutant that did not contain the central domain. Collectively, our results suggest that MLL5 functionally interacts with Borealin, facilitates the expression of CPC, and hence contributes to mitotic fidelity and genomic integrity.
Introduction
Mitosis is a highly regulated process that ensures the accurate segregation of duplicated chromosomes to the daughter cells. Defects in mitotic fidelity cause DNA segregation errors and result in chromosome instability, which plays a causal role in tumorigenesis and relapse (Baker et al., 2009; Sotillo et al., 2010) . High-throughput genomic profiling study reveals that most human cancers are aneuploid and chromosomally unstable (Beroukhim et al., 2010) . Human chromosomal passenger complex (CPC) is a critical regulator of chromosome segregation during mitosis. It comprises the Aurora-B kinase and three non-enzymatic regulatory subunits, Survivin, Borealin and INCENP (Gassmann et al., 2004; Ruchaud et al., 2007) . The expression of CPC is cell cycle dependent, with minimal expression in G1/S, and gradually increases during G2 phase and peaks at M phase (Honda et al., 2003; Terada et al., 1998; Zhao et al., 2000) . CPC initially localizes to the chromosome arms to control the chromosome structure and organization, subsequently concentrates on the inner centromeres to promote the kinetochore-microtubule (MT) interactions (Ruchaud et al., 2007) . At anaphase and telophase, CPC transfers to the spindle midzone, the equatorial cortex and to the midbody, where it is essential for the cytoplasmic division. One of the key events orchestrated by CPC is the correction of kinetochore-MT attachment errors, which is dependent on the kinase activity of Aurora-B by promoting the turnover of improper kinetochore-MT attachments . Within the CPC, the four subunits interact extensively, and the interactions not only regulate the centromere targeting of the complex, but also maintain the stability of CPC. Depletion of any member of the CPC by RNA interference delocalizes the complex, renders it unstable and disrupts mitotic progression (Honda et al., 2003; Klein et al., 2006) .
The human Mixed lineage leukemia 5 (MLL5) gene is located on the chromosome 7q22, which is commonly deleted in acute myeloid leukemia (AML) and therapy-induced leukemia (Emerling et al., 2002) . In AML patients, high MLL5 expression is associated with high overall survival and relapsefree survival, demonstrating the prognostic importance and the therapeutic potential of MLL5 in AML (Damm et al., 2011) . MLL5 is involved in many aspects of cellular physiology, including hematopoietic stem cell homeostasis and epigenetic regulation. Genetic analysis of Mll5 deficiency in mice reveals that Mll5 might be dispensable for embryonic development, but plays critical roles in adult hematopoiesis (Heuser et al., 2009; Madan et al., 2009; Zhang et al., 2009) . The epigenetic regulatory role of MLL5 is conveyed by the study where an isoform of MLL5 acts as histone methyltransferase and facilitates the retinoic-acid-induced granulopoiesis in human promyelocytes (Fujiki et al., 2009 ). The importance of MLL5 for cell cycle regulation has also been demonstrated. Overexpression of MLL5 induces cell cycle arrest at G1 phase (Deng et al., 2004) , and downregulation of MLL5 by RNA interference results in both a G1/S and a G2/M phase arrest (Cheng et al., 2008) . In addition, the completion of S phase progression is hastened in MLL5-depleted myoblasts (Sebastian et al., 2009) . Recently, it has been shown that the phosphorylation of MLL5 by Cdk1 is required for mitotic entry (Liu et al., 2010) . In this study, we demonstrate that MLL5 functionally interacts with the CPC component Borealin, and serves as a molecular chaperone for the stabilization of Borealin prior entry into mitosis.
Results

Depletion of MLL5 induces chromosomal instability
MLL5 has been shown to regulate G1/S transition, S phase progression and mitotic entry; however, the role of MLL5 in mitosis remains elusive. We initiated this study based on the interesting observation that multinuclear cells accounted for 20% of total MLL5-depleted cells after transfection of MLL5-siRNA for 48 h (Fig. 1A) . Considering that a large portion (,75%) of MLL5-depleted cells are actually arrested in G1/S phase (2N) with approximately only 25% of the population having the chance to undergo mitosis (4N) (Cheng et al., 2008) , the percentage of multinuclear cells present in MLL5-siRNA-treated cells suggests that the majority (,80%) of MLL5-depleted cells that entered mitosis experienced abnormal cell division. To determine the influence of MLL5 on chromosomal stability, we depleted MLL5 using two different siRNAs [MLL5-siRNA, which was targeted to an mRNA sequence starting 6807 bp downstream of the transcription start site (39-UTR), and MLL5-siRNA-N, which was targeted to an mRNA sequence starting 1063 bp downstream of the transcription start site] and performed fluorescence in situ hybridization (FISH) to monitor the chromosome numbers in human diploid lung fibroblast WI-38 cells. The cells were transfected with siRNA every other day to maintain MLL5 at a low level. Cells were harvested at day 7 for FISH analysis using centromere-specific probes for chromosomes 8 and 10. As shown in Fig. 1B, 8 .3% of MLL5-siRNA-treated cells exhibited abnormal numbers of chromosome 8, and 7.3% showed abnormal numbers of chromosome 10 (Fig. 1B) . In contrast, only 0.8% of NC-siRNA-treated cells were found to contain abnormal copies of chromosomes 8 and 10. A similar result was obtained in MLL5-siRNA-N-transfected cells. In summary, there is a significant increase (,10-fold) in the percentage of aneuploid cells after MLL5 knockdown, suggesting that loss of MLL5 causes the mis-segregation of chromosomes and leads to genomic instability.
To understand why the cells exited mitosis without proper DNA segregation, the mitotic progression of NC-and MLL5-siRNAtreated cells was recorded using fluorescence video microscopy ( Fig. 1C ; supplementary material Movies 1, 2). The majority of control cells completed mitosis within 1 h, but MLL5-depleted cells failed to align their chromosomes on the metaphase plate and exited mitosis without chromosome segregation and cytokinesis. By 1.5 h, the DNA in MLL5-depleted cells showed signs of decondensation, and multinuclear cells had formed. Time-dependent cell cycle analysis confirmed that MLL5-depleted cells failed in DNA segregation and generated chromosomally unstable polyploid cells (Fig. 1D) . Double staining for a mitotic cell marker and propidium iodide at 6 h after mitotic release further confirmed that MLL5-depleted cells exited mitosis despite failing to segregate their chromosomes (supplementary material Fig.  S1A ). Because the mitotic checkpoint and anaphase-promoting complex/cyclosome (APC/C) are key players in the segregation of sister chromatids and cytokinesis (Pines, 2006) , the function of the mitotic checkpoint and the activity of APC/C were examined in MLL5-depleted mitotic cells. Upon nocodazole treatment, the mitotic checkpoint was successfully activated as revealed by the kinetochore localization of MAD2 (supplementary material Fig.  S1B ). After mitotic release, the rate of cyclin B1 degradation was only slightly decreased in MLL5-depleted cells (supplementary material Fig. S1C ). These data imply that both the activation of the mitotic checkpoint and the function of APC/C were likely unaffected by MLL5 depletion.
Depletion of MLL5 affects the correction of kinetochore-MT attachment errors
The data described above indicate that MLL5-depleted cells fail to properly align chromosomes at metaphase and thus exit from mitosis without DNA segregation and cytokinesis. To further characterize the chromosome bi-orientation process in MLL5-depleted cells, we performed indirect immunofluorescence staining on metaphase-arrested cells. The results showed that 93.4% of control cells achieved full chromosome alignment, whereas only 16.1% of MLL5-depleted cells exhibited bi-polar chromosome alignment ( Fig. 2A) . The same results were obtained when live MLL5-depleted cells were imaged; these cells failed to properly align chromosomes even at 2 h after nocodazole release (supplementary material Fig. S2 , Movies 3, 4).
Chromosome misalignment can arise from several mechanistic defects in kinetochore-MT interactions, including defective kinetochore-MT attachment and impaired function of the errorcorrecting machinery. We first examined kinetochore-MT attachment in MLL5-depleted cells in an MT-depolymerization assay; however, there was no significant difference between control and MLL5-depleted cells with respect to density of kinetochore fibers, suggesting that depletion of MLL5 did not appear to affect kinetochore capture and MT attachment (Fig. 2B) . Next, we analyzed the generation of tension between sister kinetochores. Knockdown of MLL5 resulted in a decrease in the average inter-kinetochore distance of 34.4% (NC-siRNA: 0.9360.04 mm, MLL5-siRNA: 0.6160.03 mm); this result reflects impaired tension across the sister kinetochores, an indication of erroneous kinetochore-MT attachment (Fig. 2C) . Thus, we speculated that the function of the kinetochore-MT attachment error-correcting machinery may be affected by MLL5 depletion. To test this possibility, an Eg-5 inhibitor (monastrol) washout experiment was conducted (Fig. 2D) . Treatment of cells with monastrol resulted in the accumulation of mitotic cells with syntelically attached sister kinetochore pairs. Upon removal of the drug, syntelic attachment was converted to amphitelic attachment. Sixty minutes after monastrol release, 89.3% of control cells had achieved chromosome bi-orientation. In contrast, only 6.4% of MLL5-depleted cells had completed chromosome bi-orientation and 90.9% of these contained misaligned chromosomes. These data suggest that the function of the kinetochore-MT attachment error-correcting machinery is compromised in MLL5-depleted cells.
MLL5 maintains the stability of CPC through a functional interaction with Borealin
Correction of aberrant kinetochore-MT attachment is highly dependent on CPC, which selectively destabilizes incorrect kinetochore-MT interactions, providing a new opportunity for chromosome bi-orientation. To investigate whether depletion of MLL5 has any effect on CPC's function, the localization of CPC at metaphase in MLL5-depleted cells was examined. Control cells (NC-siRNA treated) typically display inner centromere localization of CPC at metaphase; strikingly, in MLL5-depleted cells, none of the subunits of CPC was detectable (Fig. 3A) . Because the expression of CPC is cell cycle dependent, we proceeded to compare the expression of CPC in S, G2 and M phases in NC-and MLL5-siRNA-treated cells. Quantitative RT-PCR showed that the mRNA levels of CPC components after MLL5 knockdown were relatively unchanged compared with NC-knockdown cells (,1.5-fold changes; supplementary material Fig. S3 ). However, western blotting revealed a drastic loss of expression of CPC throughout S, G2 and M phases in MLL5-depleted cells (Fig. 3B) . Furthermore, addition of the proteasome inhibitor MG132 to MLL5-depleted cells substantially restored the expression of all CPC components (Fig. 3C) . Taken together, our data suggest that MLL5 protects the CPC from proteasome-mediated degradation prior to mitotic entry.
Studies have shown that the localization and/or stability of CPC subunits are inter-dependent (Honda et al., 2003; Klein et al., 2006) ; however, systematic analysis on the effects of knocking down each of the subunits on the protein expression in mitotic cells is lacking. Here, we knocked down Aurora B, Survivin, INCENP, Borealin and MLL5 individually by siRNA and examined the expression of other proteins by western blotting (Fig. 4A) . The expression of Borealin was similar in Aurora B-, Survivin-and INCENP-siRNA-treated cells; however, BorealinsiRNA treatment resulted in degradation of all CPC components. Interestingly, MLL5-siRNA transfection mimicked the effects of Borealin-siRNA treatment, and we observed a downregulation of Borealin in MLL5-siRNA-transfected cells that was comparable to that induced by Borealin-siRNA treatment. From this, we hypothesized that the downregulation of CPC components in MLL5-depleted cells is possibly caused by degradation of Borealin, which leads to destabilization of Aurora B, Survivin and INCENP. Indeed, studies have shown that Borealin forms higher order oligomers in its isolated form, and directly interacts with Survivin to form a binary subcomplex that is competent to interact with INCENP (Bourhis et al., 2009; Zhou et al., 2009) . Therefore, it is likely that Borealin serves as a basic structural unit for CPC assembly, and that its stability is affected by MLL5 depletion. To test this possibility, the stability of Borealin in Experiments were repeated three times and the average percentage is presented. Scale bars: 5 mm. (B) The kinetochore-MT capture and attachment process were examined in a cold-induced MT depolymerization assay. Kinetochore fibers were stained with a-tubulin antibody and kinetochores were labeled with CREST. Scale bars: 5 mm. (C) The average inter-kinetochore distances (for sister kinetochores) were measured, as shown, in control cells (n570) and MLL5-depleted cells (n584). Scale bars: 5 mm. (D) A time-course study of the chromosome alignment process was conducted in NC-and MLL5-depleted cells after monastrol release. Cells were categorized into four groups: monopolar, bipolar misalignment, multipolar misalignment and bipolar normal alignment, and the percentages for each group at each time point after monastrol release are presented (n5100 cells per sample). Scale bars: 5 mm.
control and MLL5-depleted cells was compared. Because Borealin was barely detectable after MLL5 knockdown, cells were pretreated with MG132 for 4 h to restore the level of Borealin, and subsequently incubated in cycloheximide-containing medium to block de novo protein synthesis. As shown in Fig. 4B , Borealin showed a decreased half-life in MLL5-depleted cells compared with control cells, suggesting that MLL5 indeed acts to stabilize Borealin.
We previously reported that MLL5 localizes to the chromatin compartment during interphase but dissociates from chromatin upon phosphorylation at mitotic entry (Liu et al., 2010) . On the other hand, Borealin localizes to the nucleus in interphase and is recruited to inner centromeres at metaphase (Rodriguez et al., 2006) . Therefore, we hypothesized that MLL5 may interact with Borealin, and that interaction (if any) is likely to occur during interphase. Indeed, Borealin was found to co-immunoprecipitate with MLL5 throughout G1, S and G2 phases (Fig. 4C) ; however, Aurora-B, Survivin and INCENP were undetectable in the MLL5 immunoprecipitates. To gain more insights into the interaction between MLL5 and Borealin, a pull-down assay was performed using recombinant GST-Borealin and in vitro translated fragments of MLL5. The central domain (CD) of MLL5 was found to efficiently interact with Borealin (Fig. 4D) . Similarly, GST-tagged Borealin fragments (GST-Borealin-N, aa 1-120; GST-Borealin-C, aa 121-280) were constructed and used to determine which region of Borealin interacts with the central domain of MLL5 in an in vitro pull-down assay. Our results showed that the C-terminus of Borealin was responsible for the interaction (Fig. 4E) . The effects of MLL5 on the stability of Borealin were further investigated by comparing the stability of Borealin mutants in NC-and MLL5-siRNA-treated cells (Fig. 4F) . The stabilities of HA-Borealin and HA-Borealin-C were significantly decreased in the absence of MLL5; interestingly, the N-terminal mutant of Borealin, which does not interacts with MLL5, was barely expressed. Moreover, exogenous overexpression of FLAG-MLL5-CD successfully stabilized the HA-Borealin-C in MLL5-depleted cells, but failed to rescue the degradation of HA-Borealin-N (Fig. 4G) , suggesting that the interaction between MLL5 and Borealin protects Borealin from proteasome-mediated degradation. Taken together, the protein interaction and stability studies suggest that MLL5 may serve as a molecular chaperone for Borealin in the nucleus and contribute to the accumulation of Borealin prior to entry into mitosis.
To further evaluate the effect of the association between MLL5 and Borealin on the stability of the CPC, rescue experiments were conducted in MLL5-depleted cells by ectopic overexpression of wild-type MLL5 (FLAG-MLL5), MLL5 lacking the central domain (FLAG-MLL5DCD) and Borealin (HA-Borealin). Because MLL5 interacts with Borealin during interphase, we first examined the expression of the CPC at G2 phase. Briefly, endogenous MLL5 was knocked down using siRNA targeting the 39 untranslated region, which did not affect the exogenous expression of FLAG-MLL5 or FLAG-MLL5DCD. Sixteen hours after siRNA transfection, FLAG-MLL5, FLAG-MLL5DCD and HA-Borealin were introduced into the cells for 8 h, followed by treatment with RO-3306 for another 16 h. The expression and localization of CPC were examined by immunofluorescence staining, and results are shown in Fig. 5A . CPC displayed nuclear localization in control cells (NC-siRNA), but its expression was lost upon MLL5 knockdown (MLL5-siRNA). After FLAG-MLL5 overexpression, CPC expression was successfully restored in ,80% of MLL5-knockdown cells. In contrast, overexpression of the MLL5 mutant (FLAG-MLL5DCD), which does not contain the domain required for the interaction with Borealin, failed to rescue the expression of CPC. These data confirm our hypothesis that the interaction between MLL5 and Borealin facilitates the accumulation of CPC components in the nucleus before mitotic entry. In addition, the successful restoration of the CPC in MLL5-depleted cells by overexpression of HA-Borealin suggests a causal relationship between the destabilization of CPC and the loss of Borealin expression.
Next we asked whether the function of CPC in chromosome biorientation in MLL5-siRNA-treated cells could be rescued by exogenous overexpression of MLL5 or Borealin. In short, 16 h after MLL5-siRNA transfection, FLAG-MLL5 and HA-Borealin were introduced into the cells for 8 h, followed by treatment with nocodazole for another 16 h. Mitotic cells were collected and released in fresh medium containing MG132 for 1 h to allow for chromosome alignment at metaphase. The chromosome alignment and the localization of CPC were examined by immunofluorescence staining, and results are shown in Fig. 5B . In control metaphase cells, CPC displayed typical inner centromere localization (first panel). After MLL5 depletion, mitotic chromosomes failed to align at the metaphase plate and the expression of CPC was no longer detectable (second panel). Importantly, after overexpression of FLAG-MLL5 or HA-Borealin, the defects in chromosome alignment and centromeric localization of CPC were substantially restored (third and fourth panels). The efficiency of the rescue was also assessed quantitatively, and the percentage of mitotic cells ith normal chromosome alignment was found to increase from 19.8% to 63.9% after exogenous overexpression of FLAG-MLL5 in MLL5-siRNA-treated cells. Similarly, HA-Borealin overexpression increased the percentage of cells with normal chromosome alignment to almost 50% (Fig. 5B) . The successful functional restoration of the CPC by exogenous overexpression of FLAG-MLL5 or HA-Borealin indicates that MLL5 plays a role in facilitating the expression of CPC through a functional interaction with Borealin.
Discussion
Studies on the molecular functions of CPC provide important mechanistic insights into the mitotic regulation, ranging from kinetochore-microtubule interactions to chromatid cohesion to cytokinesis, and constitute one of the most dynamic areas of ongoing research on cell cycle. In this study, we revealed a novel mechanism explaining how the stability of CPC can be modulated by MLL5. Borealin interacts with MLL5 directly and the interaction plays a critical role in maintaining its stability. In MLL5 knockdown cells, the stability of Borealin is severely compromised, which causes the destabilization of Aurora B, Survivin and INCENP. This claim could be challenged by a previous study which showed that Borealin-siRNA causes the instability of Survivin but not of Aurora B and INCENP (Gassmann et al., 2004) . However, Honda and his colleagues demonstrated that Survivin-siRNA treatment resulted in a substantial reduction in the expression of Aurora B and INCENP (Honda et al., 2003) . In light of the effects of Survivin on the stability of Aurora B and INCENP, it is likely that the destabilization of Borealin in MLL5 knockdown cells causes the degradation of Aurora B and INCENP directly or indirectly through the destabilization of Survivin. The contradictory observation obtained by us and Gassmann's group could be due to cell-type specificity or western blotting sensitivity. Nonetheless, our data clearly suggest that MLL5-siRNA treatment results in down-regulation of Borealin, which in turn leads to the destruction of Aurora B, Survivin and INCENP. Moreover, the recruitment of CPC to the centromere region of chromatin has been suggested to be mediated by the interaction between Borealin and centromere adaptor Shugoshin (Kelly et al., 2010; Tsukahara et al., 2010; Wang et al., 2010) . Thus it is likely that MLL5 not only functions as a molecular chaperone for Borealin in interphase, but also brings Borealin and its chromatin targets into close proximity, thus allowing the recruitment of CPC to the centromere region.
Eukaryotic cells have a sophisticated system for regulating the protein turnover, in which proteins are attached with polyubiquitin chains and directed to the proteasome for degradation (Glickman and Ciechanover, 2002) . This system removes mis-folded proteins and also gets rid of native proteins for regulatory purposes. The mammalian 70-kDa and 90-kDa heat-shock protein (HSP70 and HSP90) families, which are molecular chaperones required for the conformational maturation and/or stability of a range of proteins, cooperate closely with the ubiquitin-proteasome system to orchestrate the proper cell cycle progression and successful completion of mitosis (Burrows et al., 2004; Young et al., 2004) . In particular, systematic study has uncovered the diverse cellular functions of the HSP90, including involvement of HSP90 in various secretory pathways, cellular transport, cell cycle, cytokinesis and meiosis (McClellan et al., 2007) . The CPC component Survivin has been shown to interact with HSP90 and disruption of the interaction destabilizes Survivin, results in mitotic defects and mitochondrialdependent apoptosis (Fortugno et al., 2003) . Similarly, Pololike kinase is also under the HSP90 molecular chaperone regulation, in which SGT1 serves as a co-chaperone of HSP90 in stabilizing the kinase, allowing normal centrosome maturation, entry and progression through mitosis (de Cárcer et al., 2001; Martins et al., 2009) . Mutations in SGT1 severely compromise the organization and function of the mitotic apparatus (Martins et al., 2009 ). These studies further prompt us to speculate that the role of MLL5 in Borealin stability regulation might be like a molecular co-chaperone, where it cooperates with the chaperone proteins to maintain the stability of the CPC, and facilitates the proper mitotic progression. Therefore, a potential cooperation between MLL5 and HSP90 in the control of mitosis might be an exciting possibility and deserves further investigation.
The post-translational regulation of CPC has been investigated intensively. The kinase Aurora-B is ubiquitinated and degraded at the end of mitosis by the APC/C pathway (Nguyen et al., 2005; Stewart and Fang, 2005) , and the involvement of the ubiquitinproteasome pathway in the regulation of Survivin has also been reported (Zhao et al., 2000) . In addition, SUMOylation and phosphorylation modification also modulate the function of the CPC. Borealin protein is recently discovered as a target of SUMO in early mitosis, and phosphorylation of Borealin by Mps1 controls Aurora-B activity and chromosome alignment (Jelluma et al., 2008; Klein et al., 2009) . In this study, we demonstrated that depletion of MLL5 causes the downregulation of Borealin by proteasome-mediated degradation, which leads to the destruction of CPC. Although the specific E3 ubiquitin ligase which is responsible for substrate recognition has yet to be determined, our study reveals the presence of a multilayered regulatory network to modulate the expression and stability of the CPC.
In this study, we found that multipolar mitosis accounts for ,40% of the mitotic cells lacking of MLL5, which could be explained by the downregulation of Borealin, since the involvement of Borealin in spindle integrity has already been reported (Gassmann et al., 2004) . However, we also noted that the multipolar misalignment in MLL5-depleted cells were substantially rescued by MLL5 overexpression, but not by Borealin overexpression (Fig. 5B) , suggesting that MLL5 may possess CPC-independent function in regulating mitotic spindle integrity. The origin of the multipolar mitosis is very diverse, which can arise from overamplification of centrosomes, interference with microtubule dynamics or spindle integrity defects (Oshimori et al., 2006; Tsou and Stearns, 2006; Yang et al., 2008) . In fact, growing volume of evidence has shown that mutations of certain oncogenes and tumor suppressors disrupt the numeral and functional integrity of centrosomes and directly result in chromosome instability (Fukasawa, 2007) . Moreover, chromatin remodeling proteins [Chromodomain helicase DNA binding protein 3 and 4 (CHD3 and CHD4)] have also been demonstrated to play a role in regulating the centrosome integrity by modulating the centrosomal anchoring of pericentrin/c-tubulin (Sillibourne et al., 2007) . Therefore finding the mechanism by which MLL5 regulates the integrity of mitotic spindles may further our understandings on this protein and help to build a picture of the mitotic signaling of MLL5.
In conclusion, our study reveals a novel mechanism underlying the mitotic regulatory function of MLL5, and provides compelling evidence that MLL5 plays a role in the maintenance of genomic stability by modulating the stability of the chromosomal passenger complex.
Materials and Methods
Cell culture and synchronization
Cell culture conditions for U2OS, HEK293T, and human fetal lung fibroblast WI-38 were described previously (Cheng et al., 2011) . WI-38 and 293T cells were used for FISH and overexpression studies, respectively. The rest of the experiments were all carried out in U2OS cells. U2OS cells were synchronized to G1 phase by double thymidine (2 mM) block. S phase U2OS cells were obtained by 4 h release from G1 arrest. G2 and M phase cells were arrested by incubation with RO-3306 (10 mM) and nocodazole (100 ng/ml), respectively for 16 h. Metaphase-arrested U2OS cells were achieved by releasing from nocodazole and incubating with MG132 (10 mM) for 1 h.
Reagents and antibodies
Thymidine, nocodazole, monastrol, propidium iodide and RNase A were purchased from Sigma-Aldrich. RO-3306 and MG132 were purchased from Calbiochem. 49,6-diamidino-2-phenylindole, dihydrochloride (DAPI), and FluorSave reagent for indirect immunofluorescence were from Invitrogen and Merck. Rabbit anti-MLL5 antibody was described previously (Cheng et al., 2008) . Primary antibodies used for western blotting or immunofluorescence were anti-atubulin (Sigma-Aldrich), human autoantibody against centromere (CREST) (ImmunoVision), anti-Aurora-B (BD Transduction Laboratories), anti-INCENP (Cell Signaling Technology). Antibodies against cyclin B1, Actin, Survivin, and Borealin were purchased from Santa Cruz. Horseradish peroxidase conjugated secondary antibodies for western blotting were donkey anti-rabbit (Thermo Scientific), goat anti-mouse (GE Healthcare), and donkey anti-goat (Santa Cruz).
Secondary antibodies used for immunofluorescence were purchased from Invitrogen: Alexa FluorH 488 chicken anti-rabbit, Alexa FluorH 568 goat antimouse and Alexa FluorH 594 goat anti-human.
Cloning and stable cell line selection
Human histone H2B mRNA sequence was fused with mCherry sequence and cloned into pcDNA3.1 in frame with HindIII and BamHI sites. The pcDNA-mCherry-H2B plasmid was transfected into U2OS cells by calcium phosphate method, and stable clones expressing H2B-mCherry were selected by neomycin resistance (400 mg/ml).
Transfection, cell cycle analysis and FISH U2OS and 293T cells were seeded in antibiotic-free medium 1 day before transfection. DNA plasmids were transfected using calcium phosphate method, and siRNA duplexes were transfected using Lipofectamine RNAiMAX (Invitrogen). Cells were fixed with 70% ethanol on ice for 2 h, and stained in propidium iodide solution (20 mg/ml propidium iodide, 100 mg/ml RNase A and 0.1% Triton X-100). Cell cycle progression was analyzed by Dako Cytomation (Dako CyAn ADP, Glostrup, Denmark) and data were analyzed using Summit software version 4.3 (Beckman Coulter, Fullerton, CA, USA). For FISH study, cells were harvested, fixed and prepared for hybridization according to the protocol by Padilla-Nash et al. (Padilla-Nash et al., 2006) . Aquarius alpha satellite probes for chromosomes 8 and 10 (Cytocell) were hybridized according to the manufacturer's instructions.
In vitro protein interaction studies
The in vitro transcription/translation experiment was performed using the TnTHQuick coupled transcription/translation systems (Promega) using 2 mg of pEF6-FLAG-MLL5-PS, CD or CT plasmid DNA. Expression of GST, GSTBorealin, GST-Borealin-N and GST-Borealin-C was induced by 0.5 mM IPTG in Escherichia coli (BL21) at 18˚C for 16 h. After induction, 50 ml of bacterial culture was collected and lysed in 10 ml of lysis buffer (100 mM NaCl, 50 mM Tris, 1% Triton X-100, pH 8.0) supplemented with protease inhibitor cocktail (Sigma-Aldrich). GST fusion proteins were purified using glutathione S-Sepharose beads (Amersham Biosciences). The pull-down assay was carried out using GST fusion protein beads and in vitro translated fragments of MLL5 or FLAG-MLL5-CD. Procedures for total cell lysate preparation and immunoprecipitation were described previously (Liu et al., 2010) .
Indirect immunofluorescence, live-cell imaging and confocal microscopy Indirect immunofluorescence staining was performed same as previously described (Liu et al., 2010) . For live cell imaging, cells were cultured on a glass-bottom 35-mm culture dish (World Precision Instruments) and assembled in a stage-top incubator supplemented with 5% CO 2 . Sequences of images were acquired every 3 min for 3 h using a 206 0.75 NA objective on the Olympus inverted fluorescence microscope (Olympus, Japan). Images were analyzed using Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA). For inter-kinetochore distance measurement, standard confocal microscopy was carried out on an Olympus FV1000 (Olympus, Japan), using an UPLAPO 10061.35 NA objective, equipped with excitation lasers with 405 nm, 473 nm and 559 nm wavelengths. The confocal microscope was operated by Olympus fluoview ver.1.7c software. For each cell, a stack of images with 0.46 mm step size in the z-direction was obtained. Images were analyzed using ImageJ software, and sister kinetochores were identified by their presence in the same plane of focus. A single line was drawn between the brightest pixels of each kinetochore pair and the length of the line was recorded.
Statistical analysis
All statistical analyses were performed using Microsoft Office Excel 2007. Results are expressed as means 6 s.d. of at least three independent experiments. Statistical significance was calculated using Student's t-tests.
